Introduction {#sec1}
============

Cardiometabolic syndrome (CMS) is a group of metabolic disorders that occur together, increasing the risk of obesity, type 2 diabetes mellitus (T2DM), hypertension, hyperlipidemia, atherosclerosis.[@bib1]^,^[@bib2] The most common cardiometabolic factors are hypertension, insulin resistance (IR), abdominal obesity, hypercholesterolemia, and low high-density lipoprotein (HDL)-cholesterol levels.[@bib3] CMS is an essential cause of the formation and progression of cardiovascular diseases (CVDs).[@bib4]^,^[@bib5] CVDs triggers are primarily malnutrition, lack of physical activity, and metabolic syndromes (MetS) such as hypertension, obesity, T2DM, and risk factors to cardiometabolic disease.[@bib6] The prevalence of MetS was 17% among people over 40 years old, 29.7% for people between 40 and 49 years old, 37.5% between 50 and 59 years old, and over 44% among people aged ≥60 years.[@bib7] Definitions of MetS and its components have widely varied depending on several organizations.[@bib8] The "World Health Organization" and the most commonly used criteria "International Diabetes Federation" were adopted in 2005,[@bib8] and the "National Cholesterol Education Program Adult Treatment Panel III" was adopted in 2005 ([Table 1](#tbl1){ref-type="table"}).[@bib9] In the determination of MetS, the appearance of 3 of 5 risk factors is required: 1) abdominal obesity (measured by waist circumference), 2) fasting glucose (≥5.6 mmol/L), 3) HDL cholesterol (\<1.0 mmol/L), 4) triglycerides (≥1.7 mmol/L, 5) blood pressure (≥130/≥85 mmHg) ([Table 1](#tbl1){ref-type="table"}).[@bib8] Based on "The National Health and Nutrition Examination Survey" data from 2001 to 2012, the prevalence of MetS in men increased with advanced age.[@bib10]Table 1Parameters defining metabolic syndromeSourceParameters defining MetSRef.International Diabetes Federation• Central obesity and at least 4 of the following:\
• TG level \> 150 mg/dL (1.7 mmol/L)\
• HDL cholesterol \< 40 mg/dL (1.0 mmol/L)\
• Systolic BP ≥ 130\
• Plasma glucose ≥ 100 mg/dL[@bib8]World Health Organization• Central obesity: waist/hip ratio \>0.9\
• TG level ≥150 mg/dL\
• HDL cholesterol \<40 mg/dL\
• BP ≥140/90 mmHg\
• Plasma glucose: impaired glucose tolerance---impaired fasting glucose---T2DM[@bib8]National Cholesterol Education Program Adult Treatment Panel III• Central obesity: waist circumference ≥102 cm\
• TG level: specific treatment for lowering TG or ≥150 mg/dL\
• HDL cholesterol \<40 mg/dL\
• BP ≥130/80 mmHg\
• Plasma glucose ≥100 ml/dL[@bib9][^1]

Because a rise in the incidence of CVDs in men has been indicated, androgens are thought of as vital hormones to clarify the underlying mechanisms of CVDs.[@bib11] Prospective data showed that men with low testosterone (T) levels were 40% more likely to die from CVD than with increased T concentrations.[@bib12] In addition, the protective role of androgens for the vascular system has also been reported.[@bib13] In other studies, it has been suggested that decreased androgen levels linked to hypogonadism or androgen deprivation therapy (ADT) enhance cardiovascular risk factors producing remarkable side effects, and T replacement therapy (TRT) caused amelioration in CV systems.[@bib14], [@bib15], [@bib16] 1 meta-analysis reported that treatment with T reduced mortality and morbidity in CVD patients.[@bib17] On the contrary, a total of 93 randomized placebo-controlled studies revealed that T therapy did not reduce CV risk without an increase in CV risk.[@bib17] Meta-analysis trials showed a small increment in the risk of cardiovascular events linked to exogenous T.[@bib18]

The National Institute of Health has issued policies mandating research data by investigators to focus on the understanding of androgen hormones on the role of metabolic processes in clinical trials.[@bib19] In addition, a longer duration of treatment with injectable T was associated with significant weight loss and metabolic improvements in an observational study.[@bib20] Besides, long-term T therapy was generally well tolerated with good adherence and improved urinary and sexual function with a high level of patient satisfaction scores.[@bib21]

In this review, we focused on recent discoveries in the relationship between androgens (T and dihydrotestosterone \[DHT\]) and androgen receptors (ARs), their contribution to cardiometabolic health, and their potential role on CMS. The relationship between all these important factors and T deficit, as well as the mutual association among CMS, CVD, and hypogonadism was highlighted.

Androgen hormones and their receptors {#sec2}
=====================================

Androgens represent a class of steroid hormones that regulate body development and sexual function in men.[@bib22], [@bib23], [@bib24] The actions of androgens are mediated through the AR in a DNA binding--dependent manner to manage target gene transcription.[@bib25] The major circulating androgen, T, is produced from cholesterol in the testicular Leydig cells.[@bib26] The AR has several and crucial biological roles in the development and maintenance of the reproductive function, CV, musculoskeletal, neural, immune, and hematopoietic systems.[@bib27] Androgens also are needed for the development of the male reproductive system and secondary sexual characteristics.[@bib28] T was demonstrated to play a modulatory role in the regulation of the male sexual response cycle. Especially, penile structure, regulation of nitric oxide pathway, and contractile pathways involved in the regulation of erection and detumescence are under androgen control.[@bib29]

T can be converted to its more biologically active form, DHT, by 5α reductase and to estradiol by aromatase.[@bib25] The AR consists of 3 main functional domains: the N-terminal transcriptional regulation domain, the DNA binding domain, and the ligand-binding domain.[@bib30]

The DNA binding--dependent actions of the AR are also commonly referred to as "genomic" AR signaling.[@bib26] Upon entry of T into the target cell, it binds to the AR either directly or after its transformation to 5α-DHT ([Figure 1](#fig1){ref-type="fig"}).[@bib26] Binding to the receptor is accompanied by the change of the receptor configuration after a transformation and a translocation to the nucleus.[@bib26] Upon binding in the nucleus to specific DNA sequences, the receptor dimerizes with a second molecule and the homodimer interacts with further additional proteins (coregulators).[@bib31] This eventually causes transactivation of specific proteins or suppression of specific androgen-responsive genes.[@bib32] Crosstalk can occur at all stages of signaling cascades involving the DNA binding--independent or nongenomic actions of the AR.[@bib26]Figure 1The actions of androgens via androgen receptors (ARs). DHT = dihydrotestosterone; HSP = heat shock protein.

Androgens with the genomic and nongenomic signaling pathways regulate most of the intracellular transduction pathways concerned to glucose and lipid metabolism, including essential metabolic enzymes/proteins, nuclear transcription factors (peroxisome proliferator--activated receptor gamma, liver X receptor alpha, and forkhead box O1), inflammation, leptin sensitivity of hypothalamus, proliferation, differentiation of adipocytes, mitochondrial function, and vascular endothelial function.[@bib33], [@bib34], [@bib35] AR is crucial for male metabolism by regulating the energy balance.[@bib36]

AR signaling pathways are potential targets for the prevention of androgen-related metabolic disorders.[@bib37] AR sensitivity differs between individuals and races.[@bib38] Men with more sensitive ARs have lower circulating T requirements than men with less sensitive ARs who require higher normal range T for receptor activation.[@bib39] Understanding the structure and function of the ligand-binding domain of the AR and its interaction with coregulators are important for the design of new AR antagonists and agonists.[@bib26] As such, understanding the role of androgen action mediated via both the DNA binding--dependent and non--DNA binding--dependent activity of the AR, in addition to the potential ligand-independent actions of the AR, in normal physiology as well as in different pathological conditions is crucial for the future therapeutic targets toward a wide range of AR-related clinical conditions.[@bib26]

Androgens in CMS {#sec2.1}
----------------

T levels have established risk for CMS.[@bib40]^,^[@bib41] T deficiency has detrimental effects on the health of men, such as cardiometabolic and glycometabolic functions, body composition and bone mineral density, sexual function, and the quality of life.[@bib42] Furthermore, Almehmadi et al showed a close relation between hypogonadism and CVD risk factors.[@bib43] T was conversely related to insulin, high-sensitivity C-reactive protein (hs-CRP), abnormal waist circumference, and HDL-cholesterol levels in males.[@bib44] Similarly, long-term T therapy for up to 12 years significantly improved sexual function, cardiometabolic risk factors such as anthropometric obesity measures, and metabolic risk factors.[@bib45] Numerous studies have indicated that both normal T levels and the increase of low T levels with TRT have preventive effects against CVD and cardiovascular mortality in older men with high cardiovascular risk.[@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55], [@bib56] In hypogonadal men, the treatment of T is effective in the management of all cardiometabolic risk factors and may be an option as an add-on measure and secondary prevention strategies in hypogonadal men with a story of CVD.[@bib57] In contrast to previous studies, some issues have raised concerning the cardiovascular safety of exogenous T therapy, especially in older men.[@bib58] ADT is frequently used in the combination method for the therapy of prostate cancer and then can raise mortality from cardiovascular events. It was suggested that cardiometabolic risk due to ADT can be decreased by diet and lifestyle modification.[@bib59] However, further research is required to comprehend the impact of TRT on cardiometabolic health and to determine the beneficial or harmless dose, route, and duration time of T administration in clinical conditions.

Late-onset hypogonadism is linked to hyperglycemia, increased waist circumference, hypertriglyceridemia, hyperlipidemia, as well as diabetes mellitus.[@bib43] The connection between endogenous T levels and CV mortality and morbidity has been explained observationally in late-onset hypogonadism men. However, it has only been elucidated in randomized, placebo-controlled studies with low numbers of subjects and insufficient duration in men aged ≥60 years. A recent meta-analysis by Corona et al showed that low levels of T in aging men are a sign of CV risk.[@bib60] They also emphasized that the potential advantages of T treatment in the reduction of CV risk should be examined in long-term, specially designed studies.[@bib60]

Hypogonadism is likely to happen due to the pathological process in aging men with physical disabilities, such as spinal cord injury.[@bib61] Young men with chronic spinal cord injury[@bib61] have a higher percentage of T deficiency compared with an age-matched control group.[@bib62] In young men with chronic spinal cord injury and an accelerated aging process after injury, hypogonadism is linked to an adverse cardiometabolic measure.[@bib63] Therefore, high-quality randomized controlled studies are required to investigate the efficacy and safety of TRT in this population with an increased risk of cardiometabolic diseases.[@bib64] Long-term T therapy reduces the risk of CVD with improvement in cardiometabolic function in men with hypogonadism.[@bib54] In addition, mortality associated with CVD was remarkably reduced in the T-group.[@bib54]

The association between erectile dysfunction, hypogonadism, CVD, and T2DM is well documented.[@bib65] In a long-term (up to 12 years) clinical trial, T treatment induced management of erectile dysfunction, treated cardiometabolic risk factors, and reduced prostate cancer.[@bib45] Thus, T treatment should be given consistently for a long time, concerning the achievement of the maximum benefits.[@bib45] Although TRT in a physiological dose improved left ventricular function, some studies reported that it increased the risk of myocardial infarction in men with preexisting heart disease and hypogonadism, respectively.[@bib66]^,^[@bib67] Low-dose TRT combined with vildagliptin (dipeptidyl peptidase 4 inhibitor) which increases the half-life of incretins may be an alternative for a physiological dose of TRT in conditions of obesity-IR with ADT.[@bib68]

Higher circulating androgens and physical activity were linked to lower central adiposity at baseline and fewer CVD deaths in the recent follow-up study.[@bib69] A potential synergic effect of androgens and physical activity on cardiometabolic outcomes in aging males is consistent with previous data.[@bib69] Males with both hypogonadism and moderate-to-severe lower urinary tract symptoms possess a more severe cardiometabolic risk profile and benefit more from T treatment than males with mild lower urinary tract symptoms.[@bib70] T therapy is a highly effective treatment for ameliorating lower urinary tract symptoms in hypogonadal men.[@bib70] Treatment with T might also promote the possibility of adverse cardiovascular events.[@bib70]^,^[@bib71]

Fetal growth has a role in the programming of adult cardiometabolic disorders, which are linked to decreased T levels in males.[@bib72] Fetal growth and fetal androgen exposure could predetermine T levels in men, although how is unknown, as the adult Leydig cells do not differentiate until puberty.[@bib72] The data underline how a major component of male reproductive progress can essentially reprogram adult hormone production (through an epigenetic change), which may affect lifetime CVD risk.[@bib72] The results strongly suggest that T treatment in men with hypogonadism might prove useful in decreasing the risk of cardiometabolic diseases.[@bib73] The androgen hormones which are associated directly with CMS including abdominal obesity, hypertension, dyslipidemia, IR or T2DM, atherosclerosis, and inflammation in preclinical and clinical studies are summarized in [Tables 2](#tbl2){ref-type="table"} and [3](#tbl3){ref-type="table"} and [Figure 2](#fig2){ref-type="fig"}.Table 2The relationship between androgen levels and the components of cardiometabolic syndrome in different animal modelsAnimal modelResults and conclusionRef.Androgen deficiency induced by gonadectomy in middle-aged rats-Lower plasma T concentration\
-No effect on blood pressure, plasma concentration of insulin, high- and low-density lipoprotein cholesterol, insulin resistance\
-Higher liver triacylglycerol concentration[@bib268]Male Wistar rats fed with HFD/high-sucrose diet + orchiectomy-Increased subcutaneous and visceral adiposity, circulating triglycerides, cholesterol, and insulin and low circulating T\
-T protected against subcutaneous fat accumulation and hypercholesterolemia in rats with HFD/high-sucrose diet and orchiectomy[@bib269]Rats drinking a 10% fructose solution or fed with HFD (35%) for 10 weeks as a model of metabolic syndrome-Higher plasma levels of luteinizing hormone and lower plasma levels of T\
-A significant increase in body weight, systolic blood pressure, plasma low-density lipoprotein cholesterol, cholesterol, triglycerides[@bib270]Castrated rats fed with high-energy diet-Slightly lower body weight, increased subcutaneous fat area, fasting glucose, and hemoglobin A1c\
-Unaffected fasting levels of insulin, triglycerides, total cholesterol, and high-density lipoprotein cholesterol levels[@bib271]Hypogonadal aged male rats treated with T-Decreased visceral fat cell size in T-treated group[@bib272]Prenatal treatment with T or DHT in adult male rats-Altered body composition by T and DHT\
-Increased subcutaneous fat depots and glucose levels in T males\
-No differences in insulin sensitivity, circulating lipid, and leptin levels by T and DHT[@bib273]Male rabbits fed a HFD, with or without T supplementation and rabbits made hypogonadal by a single injection of a long-acting\
gonadotropin-releasing hormone analog, triptorelin-Normalized fasting glucose levels, glucose tolerance, and dramatically decreased visceral adipose tissue accumulation by T\
-A negative correlation between visceral fat accumulation and T plasma level\
-The highest amount of visceral fat in gonadotropin-releasing hormone-treated rabbits[@bib274]Preadipocytes isolated from visceral adipose tissue of regular diet, HFD, and T-treated HFD rabbits-Restored insulin sensitivity in visceral adipose tissue\
-Normalization of reduced insulin-stimulated triglyceride synthesis, glucose uptake in preadipocytes of HFD rats[@bib275][^2]Table 3Effects of testosterone replacement therapy in patients with cardiometabolic syndromeRef.Design (n)CohortTRT method/durationResults[@bib45]Observational prospective (n = 850)Hypogonadal menT treatment for 12 years• Improvements in cardiometabolic risk factors, erectile dysfunction, urinary function[@bib54]Observational prospective (n = 656)Hypogonadal menT undecanoate (1,000 mg/12w) for 10 years• Decreased systolic and diastolic blood pressure, levels of triglycerides, LDL and HDL, HbA1c levels, blood glucose levels, and body weight[@bib57]Observational (n = 77)Hypogonadal men with CVDT undecanoate (1,000 mg/12w) for 8 years• Decreased body weight, waist circumference, and BMI\
• Improved cardiometabolic parameters such as lipid pattern, glycemic control, blood pressure, heart rate, and pulse pressure[@bib70]Observational prospective (n = 850)Hypogonadal menT undecanoate (1,000 mg/12w) for 8 years• Considerable improvements in anthropometric parameters, lipids and glycemic control, blood pressure, C-reactive protein, and quality of life[@bib131]Multicenter DBPC-RT (n = 220)Hypogonadal men with T2DM and/or MetST gel 2%, TTS, for 12 months• Reduced insulin resistance\
• Improvements in glycemic control, total and LDL cholesterol, body composition, libido, and sexual function[@bib137]Multicenter DBPC-RTObese men with T2DM and serum T ≤ 14 nmol/LT undecanoate (1,000 mg/12w) for 2 years• Normalization in blood glucose and improved body composition.\
• Decrease in total and or abdominal fat mass and increase in lean mass and muscle strength[@bib225]Crossover DBPC-RT (n = 24)Hypogonadal men with T2DMIntramuscular T injections (200 mg/3w) for 3 months• Reduced HOMA-IR, glycated hemoglobin, and fasting blood glucose, visceral adiposity, waist circumference, total cholesterol, and no changes in blood pressure[@bib258]DBPC-RT (n = 788)Men ≥65 y and serum T levels \<275 ng/dLT gel 1%, for 12 months• Decrease in total cholesterol, HDL, and LDL, fasting insulin, and HOMA-IR, and no alterations in triglycerides, d-dimer, C-reactive protein, interleukin 6, troponin, glucose, or HbA1c levels[@bib276]RCT (n = 80)Hypogonadal men with T2DMT-gel (50 mg/day) for 9 months• Significant decrease in waist circumference, HOMA-IR and HbA1c, concentrations of resistin, ICAM-1, p-selectin and C-reactive protein, leptin[@bib277]CT (n = 102)Hypogonadal men with T2DM & ischemic strokeT undecanoate (1,000 mg/12w) for 2 years, re-evaluation at 5 years• Reductions in BMI, the levels of cholesterol, triglycerides, LDL, and HDL and systolic and diastolic arterial pressures[@bib278]DBPC-RT (n = 55)Hypogonadal men with T2DM and obesityT undecanoate (1,000 mg/10w) for 1 year• Reductions in HOMA-IR and HbA1c\
• An increase in flow-mediated dilatation[@bib279]CT (n = 42)Hypogonadal men \>40 years, with chronic heart failure and BMI\>30 kg/m2T undecanoate (1,000 mg/2 injections), evaluation after 24 w• Decline in insulin and serum glucose and a slight increase in LDL cholesterol and a decrease in triglycerides\
• No changes in other variables of metabolic syndrome and other biochemical variables, as well as echocardiographic variables, blood pressure[@bib280]DBPC-RT (n = 39)50- to 70 year-old men with T2DM and T levels \<7.3 nmol/LT gel for 24• Decrease in high subcutaneous fat area, levels of adiponectin, leptin, leptin/adiponectin ratio, and HDL cholesterol and no change in hepatic fat content and visceral adipose tissue[@bib281]Observational (n = 120)Men with late-onset hypogonadismT undecanoate (1,000 mg/10-14w) for 8 years• Decreased waist circumference, percentage of body fat, glycated hemoglobin, cholesterol, LDL and no changes in BMI, HDL, triglyceride[@bib282]Observational prospective (n = 115)Hypogonadal menT undecanoate (1,000 mg/10-14w) for up to 10 years• A decrease in WC, body weight and BMI, fasting glucose, insulin resistance and HbA1c levels, the ratio of triglycerides: HDL, total cholesterol: HDL ratio and non--HDL cholesterol, systolic and diastolic blood pressure, C-reactive protein, and an increase in HDL levels[@bib283]Observational (n = 58)Men with mild symptoms of T deficiency and subnormal T levels (\<2.35 ng/ml)T undecanoate (1,000 mg/12 w)• A reduction in total cholesterol, components of metabolic syndrome\
• Increase in whole blood viscosity, hemoglobin, and hematocrit levels[@bib284]RCT (n = 857)Men with T2DMTRT• TRT was not associated with improvements in cardiovascular disease risk factors.[@bib267]Meta-analysis of observational studies (n = 4,513)Men receiving TS in 32 observational studies which evaluate body mass composition and glycometabolic parametersTS• Body mass composition: decline in body fat, increase in lean mass\
• T2DM parameters: decline in fasting glycemia, HOMA-IR index\
• Obesity parameters: decline in BW, WC, and BMI\
• Blood pressure: decline in systolic and diastolic BP\
• Lipid profile: decline in total cholesterol, triglyceride and increase in HDL[@bib266]Meta-analysis of RCTs (n = 5,078)Men in TS and control groups of 59 RCTs which evaluate body mass composition and glycometabolic parametersTS• Body mass composition: decline in body fat, increase in lean mass\
• T2DM parameters: decline in fasting glycemia, HOMA-IR index\
• Obesity parameters: no changes in BW, WC, and BMI\
• Blood pressure: no changes in systolic and diastolic BP\
• Lipid profile: no changes in total cholesterol, triglyceride, HDL[^3]Figure 2Interactions between cardiometabolic syndrome (CMS) components and testosterone (T).

For cardiologists and diabetologists, a vascular test using penile color Doppler procedure is used to predict erectile dysfunction and helps for better management of patients, their comorbidities, and complications. Further study is required to evaluate both a causal connection between hypogonadism and cardiometabolic risk in men and routine screening for T deficiency. Furthermore, clinical practice guidelines are necessary to develop for the specific dose and duration of TRT in patients with CMS.

Abdominal Obesity {#sec2.2}
-----------------

Obesity is a rapidly growing problem due to its prevalence, costs, and health effects.[@bib74] Obesity is an abnormal accumulation of body fat and classified as a disease in 1990 and described as a body mass index (BMI) of 30 kg/m^2^ or more.[@bib75] Obesity is a probable risk even for patients without hypertension, high blood cholesterol, and T2DM.[@bib76] According to the WHO, there are around 2 billion overweight adults. It means that 39% of adults aged 18 years or over are obese (39% of men and 40% of women).[@bib74] In 1975, more than 1% of children and adolescents aged 5-19 years were obese, while more than 124 million children and adolescents were obese in 2016.[@bib77] The worldwide prevalence of obesity nearly tripled over the last 30 years.[@bib78] CVD risk was greater in obese individuals without MetS than in metabolically healthy normal-weight participants.[@bib76] Currently, hypogonadism in obese men is associated with the failure of male gonadal function.[@bib79] Few detailed clinical studies are available to define the exact role of androgens in the management of metabolism and body fat in men.[@bib80] Low T levels could cause increased visceral abdominal depots in the lack of inhibitory signals in adipogenesis and lipid uptake.[@bib80] In some men, the clinical signs of obesity and dysglycemia that include IR, MetS, and T2DM are consistent with androgen deficiency.[@bib81] Men with obesity commonly show low serum T levels that were usually below 10.5 nM of total T, comparing with the normal T levels which are around 20 nM in healthy men ([Figure 3](#fig3){ref-type="fig"}).[@bib82] Interestingly, the first signs of IR only can be observed when circulating T falls below 6 to 8 nM; however, patients with serum total T in the range 8 to 12 nM often have symptom of obesity-associated hypogonadism.[@bib83]^,^[@bib84] Thus, careful assessment of T levels in men with obesity to diagnose hypogonadism is required to prevent severe adverse metabolic effects of lower T levels.[@bib79] Obese men also have fertility-related outcomes together with signs and symptoms caused by decreased circulating T levels.[@bib79]Figure 3The age-specific reference ranges for testosterone (T).

Obesity is related to increased inflammatory cytokine synthesis and aromatization of T to estradiol in peripheral adipose tissue.[@bib85] Fat cells also produce leptin and inflammatory cytokines, which have been conversely related to T levels, perhaps via an inhibitory effect on luteinizing hormone (LH) synthesis.[@bib86] High levels of leptin in men may be thought of as a direct prohibitory impact on Leydig cell function.[@bib87] Low total T and sex hormone--binding globulin (SHBG) concentrations have been associated with the MetS in men, but this association varies according to BMI and the number of MetS components.[@bib88] In addition, the pathophysiological mechanisms linking low T and SHBG concentrations to cardiometabolic risk should be clarified ([Figure 4](#fig4){ref-type="fig"}).[@bib88] Furthermore, visceral adiposity decreased SHBG levels and LH amplitude and affected bioavailable T in obese males.[@bib89] The diminished androgen response to LH stimulus has been caused by a deficiency in the enzymatic transformation of 17 OH-progesterone to T, which is explained by a leptin-related rise in 17 OH-progesterone level.[@bib90] The data have demonstrated that basal and LH-induced T levels in men were decreased in obesity and are inversely related to the circulating concentration of leptin.[@bib91] Increased levels of leptin in obese individuals may inhibit the stimulation of androgen synthesis by LH/human chorionic gonadotropin, thereby reducing T levels.[@bib86] These results provide evidence to suggest that leptin can make a major contribution to the pathogenesis of decreased androgens in obese men.[@bib91] Previous clinical studies have shown that TRT decreased levels of leptin and insulin, but no alterations were observed in serum glucose or lipids with a decrease in tumor necrosis factor-alpha (TNF-α), interleukin-1 beta, and CRP.[@bib87]Figure 4The pathophysiological mechanisms linking low testosterone (T) and sex hormone--binding globulin (SHBG) concentrations to cardiometabolic syndrome (CMS).

Central obesity leads to a rise in aromatase activity which promotes the one-direction transformation of T to estradiol. By decreasing estradiol levels, there would be a correlative increment in T levels.[@bib92] Moreover, low T levels also contribute to the accumulation of excessive fat, when obese males with BMI\> 35 kg/m^2^ have considerably higher plasma estradiol and less T levels than healthy males.[@bib93] In preclinical studies, T deficiency reduced lipolysis.[@bib36]^,^[@bib94] T induces lipolysis and reduces fatty acid synthesis.[@bib95]^,^[@bib96] T usually inhibits adipocyte development, but there is a greater fat mass in states of low T levels.[@bib97]

Obesity has been related to low T levels in numerous studies.[@bib89]^,^[@bib93]^,^[@bib98] In cross-sectional and longitudinal studies, low T concentration is linked with higher visceral fat accumulation.[@bib89] Previous data demonstrated that a reduction in BMI with an increase in total T showed a negative correlation between T and body fat in men.[@bib48]^,^[@bib52]^,^[@bib99] Triglyceride uptake and lipoprotein lipase activity can be inhibited by T and that triglycerides in the abdominal adipose tissue lead to faster turnover and induce visceral fat storage.[@bib100]^,^[@bib101]

TRT can reduce obesity, fat mass, waist circumference, morbidity, and mortality, as well as improve glycemic control and overall cardiometabolic status, compared with placebo in men with low T and high prevalence of CVD and MetS.[@bib102]^,^[@bib103] It is widely accepted that TRT reduces fat mass as well as enhances muscle body mass.[@bib104] TRT for 60 months caused a significant decrease in body weight, waist circumference, and improvements in insulin sensitivity, lipid profile, systolic and diastolic blood pressure in hypogonadal men with the MetS.[@bib105] According to the facts, clinicians should be aware of the effects of TRT on body composition and parameters of MetS to improve clinical outcomes and the patient\'s quality of life.[@bib106] Long-term T treatment ameliorated MetS components with a high level of patient satisfaction.[@bib54]^,^[@bib73] For instance, TRT should be restricted to men with low T levels related to central obesity and the resulting IR.[@bib106] The relationship between obesity and late-onset hypogonadism is bidirectional. Accordingly, weight loss can improve obesity-associated comorbidities as well as T levels.[@bib107]^,^[@bib108] The effects of nonsurgical weight loss on T levels sometimes showed contradictory results, whereas an increase in T levels by the weight loss after bariatric surgery is greater than obtained with only lifestyle interventions, suggesting bariatric surgery for the management of hypogonadism in obese males.[@bib109] Although surgery did not improve sperm quality and function, bariatric surgery induced an increase in male sex hormones, a decrease in female sex hormones, and sustained weight loss in male patients with obesity.[@bib110] Obesity-associated functional hypogonadism can be controlled by weight loss and physical exercise.[@bib111] The meta-analysis of 13 published studies showed that the mean diet-induced weight reduction of 9.8% was associated with an increase in total T of 2.8 nmol/L and 2.05 nmol/L.[@bib111] The results of trials that enrolled 567 patients showed that a low-calorie diet leads to a significant increase in total T levels at the end point. Meta-regression analysis showed that each 5 kg of weight reduction causes a 1 nmol/L increase.[@bib111] A significant, sustained increase in total and free T after bariatric surgery was observed when compared to the presurgical values in 5 systematic meta-analyses.[@bib107]^,^[@bib110]^,^[@bib112], [@bib113], [@bib114] Combining the results of 8 trials, physical exercise increased total T levels at end point.[@bib115], [@bib116], [@bib117], [@bib118], [@bib119], [@bib120], [@bib121], [@bib122] In summary, it has been suggested that lifestyle modifications with weight loss and exercise as well as bariatric surgery are significantly associated with a significant improvement in serum T levels.[@bib107]^,^[@bib110]^,^[@bib111]

The identification of high cardiometabolic risk among overweight or obese patients can be managed by measuring waist circumference in addition to BMI. The usage of T supplementation as an anti-obesity drug is rising due to its effect through the reduction of visceral adipose tissue and an increase in muscle mass for men with hypogonadism. T can have numerous benefits for men with late-onset hypogonadism, but the exact role of T in the regulation of body composition is still unclear. The presence of MetS is correlated with reductions in T levels in the aging males. The use of clinical and biochemical criteria, such as the number of MetS components, is necessary for the diagnosis and management of late-onset hypogonadism.

Type 2 Diabetes Mellitus {#sec2.3}
------------------------

Diabetes is described by hyperglycemia caused by defects in insulin action, insulin secretion, or both and defined as a fasting plasma glucose ≥7 mmol/L, a glycated hemoglobin ≥6.5%, or a 2-hour plasma glucose ≥11.1 mmol/L after 75 g oral glucose tolerance test. In addition, nephropathy, retinopathy, and neuropathy are known as microvascular complications of diabetes, and macrovascular complications are more prevalent in several CVDs with the rise in diabetes.[@bib123]

One of the major factors that contribute to T2DM in male patients is the decrease in T levels, which has been demonstrated to be a marker for insulin resistance and the development of CVDs.[@bib124], [@bib125], [@bib126] A meta-analysis demonstrated that men with T2DM have significant reductions in total T, free T, and SHBG levels.[@bib127] The risk of T2DM enhanced in males with serum SHBG \<40 nmol/L and serum T \< 7 nmol/L.[@bib126] There are many mechanisms for the relationship between low serum T levels and T2DM with IR as well as central obesity.[@bib128]^,^[@bib129] Furthermore, IR, and not hyperglycemia and weight per se, seems to be the main determinant of low SHBG related to low free T levels in obese men.[@bib130] In addition, previous data demonstrated the importance of IR as a mediating factor for the association between low T level and T2DM.[@bib131] Similarly, AR knockout mice revealed a greater IR.[@bib128] In mouse models, T regulated differentiation of pluripotent stem cells to the myogenic lineage but inhibited their commitment to adipocytes via T.[@bib97] In addition, T reduced IR by rising catecholamine-induced lipolysis *in vitro*, decreasing lipoprotein lipase activity and triglyceride uptake in human abdominal tissue *in vivo*.[@bib132]

Many clinical trials in hypogonadal men with T2DM defined that TRT decreased body fat, glycated hemoglobin, fasting glucose, and triglyceride and did not affect BMI, blood pressure, total cholesterol, HDL-cholesterol levels.[@bib133], [@bib134], [@bib135], [@bib136], [@bib137] The treatment with injectable T undecanoate decreased fasting glucose and HbA1c levels in hypogonadal men.[@bib70]^,^[@bib138] Also, T improved IR by promoting lipolysis and myogenesis.[@bib139] The results defined the effects of T treatment on body composition in male patients, involving an increase in muscle mass and a decrease in fat mass as well as a reduction in IR.[@bib97] Acute withdrawal of T in hypogonadal male patients for 2 weeks decreased insulin sensitivity without alterations in body composition, indicating that sex steroids directly regulate IR.[@bib140] In men with T2DM and low total T and high SHBG, a higher risk of mortality was observed without depending on age.[@bib141] Thus, the combination of SHBG and T assays may allow establishment of diagnostic and treatment thresholds in men with T2DM.[@bib141]

MetS, which has a role in T2DM, also elevates the risk for CVD which ultimately results as the most common reason of death in diabetic patients.[@bib142] Similarly, a previous clinical study showed that low T and DHT levels have been related to high risk for CV events/death in T2DM men.[@bib143] A low total T level increases the risk of MetS,[@bib144] while it is an independent risk factor for T2DM.[@bib145] TRT showed beneficial impacts on metabolic factors and insulin sensitivity in men with MetS and T2DM.[@bib131] Also, systematic review and meta-analysis detected constructive impacts of TRT on the decline in waist circumference, IR, fasting glucose, and the increase in HDL levels in hypogonadal patients with MetS.[@bib133]^,^[@bib145]^,^[@bib146]

Hypertension {#sec2.4}
------------

Hypertension affects 25% of the population in the United States and is the most prevalent CVDs.[@bib147] From the preclinical and human epidemiological studies, blood pressure is modulated by androgens and estrogens.[@bib148]

Men have mostly higher blood pressure than women based on human data.[@bib147]^,^[@bib149], [@bib150], [@bib151] In preclinical studies, including several hypertensive mouse and rat studies, the male group has a higher blood pressure than the female group.[@bib148]^,^[@bib152], [@bib153], [@bib154], [@bib155] Preclinical data indicated that androgens were likely to cause hypertension via inducing sodium reabsorption[@bib156] or via enhancing angiotensinogen synthesis in the kidney.[@bib157] In hypertensive nonobese rats, it has been demonstrated that androgens cause an enhancement in blood pressure.[@bib158] Interestingly, the AR is also a nuclear factor kappa B target gene.[@bib159] Wu et al noted that 20-hydroxy-5,8,11,14-eicosatetraenoic acid, which contributed to oxidative stress, endothelial dysfunction, and inflammation via activation of nuclear factor kappa B, induced androgen-mediated hypertension.[@bib160] In individual cell types, the AR may play independently significant roles in hypertension progress. In a previous study, the use of mouse strain with a floxed AR exon 3 mice for the deletion of AR in selective cells has seemed interesting to study the role of AR in hypertension.[@bib161] In addition, a hybrid rat model lacking functional AR represented decreased blood pressure levels,[@bib162] showing that androgen and AR signaling can play a crucial role in hypertension. However, controversial observations show that AR knockout mice had high blood pressure,[@bib163] and castration failed to prevent prenatally programmed hypertension.[@bib164] Also, AR-deficient mice had higher blood pressure than control rats.[@bib159] It was showed that androgens probably induced oxidative stress and elevated endothelin synthesis, resulting in hypertension due to renal vasoconstriction in men.[@bib165]^,^[@bib166]

Reduced adiponectin/leptin ratio suggested as a marker of dysfunctional adipose tissue, is associated with increased number of cardiometabolic risk factors.[@bib167] Thus, adipocyte dysfunction induced endothelial alterations that seem to be the primarily involved mechanism in the association between androgen deficiency and hypertension.[@bib89]^,^[@bib168] Furthermore, high levels of leptin may mainly promote hypertension by overactivity of the sympathetic nervous system.[@bib89]^,^[@bib169]

Treatment with androgen exacerbated hypertension and induced a high risk of CVDs.[@bib170] In fact, the androgen-induced direct effect may promote hypertension, which has been hypothesized.[@bib171] Recent clinical data showed that subcutaneous T treatment increased mean systolic and diastolic blood pressure after 26 weeks.[@bib172] Thus, androgen/AR signaling increases hypertension and anti-androgen treatment might inhibit hypertension. However, few epidemiological studies have shown opposite data that T has an inverse correlation with blood pressure in the male population.[@bib173]^,^[@bib174] Furthermore, hypertensive men had higher SHBG levels and lower free T than normotensive men, and free T was inversely associated with systolic and diastolic blood pressure following adjustment for covariates such as age, smoking, alcohol consumption, and physical activity.[@bib175] Androgen deficiency increases the prevalence of hypertension and CVD.[@bib176]^,^[@bib177] In aged males, total T levels are inversely involved in systolic blood pressure independently from other risk factors and preexisting health conditions.[@bib178]^,^[@bib179] Indeed, hypogonadal men had a 24% greater risk of mortality related to CVDs.[@bib178] In middle-aged and older male patients, lower T levels are linked to CVD, such as hypertension.[@bib168] A previous study demonstrated that in men with hypertension, total T is independently and conversely related to central pulse pressure, wave reflections, and left ventricular mass.[@bib180] Several researchers have indicated that lower T levels lead to chronic CVDs and disease progression.[@bib181] Previous clinical studies demonstrated that T therapy caused considerable improvement in blood pressure and quality of life.[@bib45]^,^[@bib70] Furthermore, TRT induced a reduction in diastolic and systolic blood pressure,[@bib182]^,^[@bib183] but TRT exacerbates hypertension and CVD risk in men without T deficiency.[@bib184]

Androgen deficiency, especially hypoandrogenism is related to the increased prevalence of hypertension.[@bib89] When aged males with hypertension have reduced levels of androgens, androgen supplementation decreased the blood pressure of these patients. Molecular mechanisms linking androgen dysregulation to hypertension are almost unknown, but they are likely to be associated with enhanced visceral fat and chronic inflammatory state via different mechanisms. There is a need to elucidate the crosstalk between AR and nuclear factor kappa B signaling pathway, and the pathophysiological mechanism of androgen dysregulation leads to the development and progression of MetS and hypertension. Consequently, further study is needed to explore the relationship between androgen/AR signaling and hypertension.

Atherosclerosis {#sec2.5}
---------------

In the vascular wall, an inflammatory disease characterized by a chronic accumulation of lipids into arterial intima attributed to a response-to-injury is known as atherosclerosis.[@bib185] Atherosclerosis progression rarely leads to major symptoms due to the preservation of the arterial lumen. However, the expansion of the sclerotic area eventually causes progressive destruction of vascular smooth muscle cells and secretion of proteases in the plaque leading to rupture, which can result in thrombotic occlusion.[@bib185]

The relationship between androgens and atherogenesis, which is one of the major significant issues in the determination of impacts related to androgens on CVDs, is poorly understood. Based on emerging data about the association between male gender and high death incidence from atherosclerosis, the hypothesis of androgens that promoted the development of atherosclerosis has gained importance.[@bib186]^,^[@bib187]

In an epidemiological study, an inverse correlation was shown between atherosclerosis and T levels in men indicating that atherosclerosis development can be suppressed by the physiological levels of androgens.[@bib188] In addition, there was an inverse relation between T levels and apolipoprotein B, a biomarker implicated in subclinical atherosclerosis.[@bib189] Also, ADT showed an increase in atherosclerosis in prostate cancer patients,[@bib190] and DHT administration inhibited foam cell formation and thus suppressed atherosclerosis.[@bib191] A study by Basaria et al indicated that alterations in intima-media thickness or calcium scores were not linked to alterations in T levels between patients receiving T treatment.[@bib47] On the contrary, among aging males with hypogonadism, treatment with T gel for 1 year was linked to enhanced total plaque volume, but without alterations in coronary artery calcium score.[@bib192] Similarly, Alamir et al indicated a trend toward higher values of T and lower plaque volume, but this association was not statistically significant.[@bib193] Also, the increased incidence of CVDs, including atherosclerosis, has been shown in the abuse of androgens in athletes.[@bib181] In the interpretation of these results, the conversion of androgen into estrogens and nongenomic actions of androgens should be considered as an influencing factor on atherosclerosis development.[@bib194], [@bib195], [@bib196] Besides the conversion into estradiol, potential atheroprotective effects of T could be a direct action of ARs. Some beneficial effects were observed by targeting AR in specific cell types without suppressing androgen levels in atherosclerotic mice.[@bib197]

In summary, studies indicated that there is a complex role for androgen action in atherosclerosis. Targeting AR in selective cells rather than targeting androgen levels might offer a better therapy in atherosclerosis. Furthermore, the role of the AR on atherosclerosis is still required to be addressed.

Dyslipidemia {#sec2.6}
------------

Dyslipidemia is known as increased low-density lipoprotein (LDL), triglycerides, total cholesterol levels, or low HDL levels.[@bib198] Obese people commonly have dyslipidemia as a threatening factor for CVD. Imbalance of lipid profile, dysfunctional fat metabolism, fat deposition, obesity, and cardiovascular risk is increased in dyslipidemia. In patients with coronary artery disease, dyslipidemia is estimated to account for more than half of the worldwide cases.[@bib198] Dyslipidemic state is prospectively related to low T levels in men, and in reverse, a correlation in the same direction has been reported for total and free T with HDL.[@bib174]^,^[@bib199] Low T levels are likely to have harmful effects on CVD by negatively affecting dyslipidemia.[@bib200] Also, the promotion of lipolysis and reduction of fatty acid synthesis are controlled by T.[@bib96] A strict bidirectional connection between fat accumulation and T deficiency in men has been shown.[@bib201] In men, to elucidate the potential risk for atherosclerosis and CVD is importantly involved in the impact of T on the lipid profile.

In multiple cross-sectional studies, endogenous T levels affect lipid metabolism in the existence of a less atherogenic lipid profile with higher T levels.[@bib202] Low androgen levels are connected to dyslipidemia in older diabetic male patients.[@bib203] Low T levels showed a tendency to a higher prevalence of dyslipidemia in controlled hypertensive patients.[@bib204]

The effects of T on lipid levels in circulation are inconsistent. In several studies, deficiency of T is accompanied by enhanced LDL and triglyceride levels,[@bib39]^,^[@bib199]^,^[@bib205], [@bib206], [@bib207] as well as reduced HDL in men with and without T2DM[@bib208], [@bib209], [@bib210] or atherogenic lipid profiles with all these indicators.[@bib211] In some cross-sectional studies, it was not found any association between endogenous T and serum lipid measurements[@bib212]^,^[@bib213] or even raised LDL in patients in high endogenous T profiles. In the many series of reviews and meta-analyses of clinical studies that related TRT in men with eugonadism and hypogonadism, significant declines of LDL-C and total cholesterol have been reported.[@bib214], [@bib215], [@bib216] TRT led to decreased LDL, total cholesterol, triglycerides, and increased HDL.[@bib216], [@bib217], [@bib218], [@bib219] In hypogonadal and normal men with T treatment, lipoprotein was additionally lowered. This is a particle of LDL-like possessing atherogenic and thrombotic properties and is notable as an independent risk factor for atherosclerosis.[@bib131]^,^[@bib220], [@bib221], [@bib222] The declines in LDL levels after different doses of atorvastatin treatment did not induce any significant differences in adrenal hormone levels in men with hypercholesterolemia.[@bib223] Furthermore, treatment with rosuvastatin decreased free T profiles but did not affect sexual function in T2DM patients.[@bib224]

In most of the studies on T on HDL effects, there were inconsistent results such as no change[@bib87]^,^[@bib225], [@bib226], [@bib227] or a decrease.[@bib131]^,^[@bib226]^,^[@bib228] The differences between the studies are still not apparent. It has been suggested that reverse cholesterol transport by T stimulation may increase HDL consumption rather than T which has negatively any effect on HDL.[@bib39] The differences in most of these studies are due to discrepancies in patient age, T-preparation, and administration route, given dose and treatment duration. Also, some previous studies do not consider the various changes in these differences and how they additionally lower lipoprotein subfractions.[@bib229]

The meta-analysis showed that TRT decreased total-cholesterol levels in the presence of low baseline T levels, while it did not affect normal baseline T levels.[@bib215] Also, a previous study revealed the exact contrary relation between TRT and its effectiveness on total cholesterol levels regarding baseline T levels.[@bib230] Therefore, conclusive statements cannot be made based on the effect of TRT on overall cholesterol levels. TRT led to a decline in the levels of both HDL and LDL and did not change triglyceride levels.[@bib214] On the other hand, long-term T therapy significantly improved triglycerides, triglyceride-glucose index, lipid accumulation, total cholesterol, HDL ratio, LDL, HDL, and non-HDL.[@bib138]

High cholesterol levels were shown to be one of the most critical risk factors for the development of atherosclerosis.[@bib231] Many types of research have examined the correlation between levels of T and lipoprotein profile. However, extensive-prospective population-based studies linking between T and lipid levels are not available. There are uncertainty and inconsistent results that are available in earlier studies.

Inflammation {#sec2.7}
------------

The regulation of inflammation is controlled by T, and thus, several metabolic pathways are regulated indirectly.[@bib232] The immune system is also affected by androgens, and various parts of the immune system, including mast cells, neutrophils, macrophages, T-cells, and B-cells, are reported to express AR suggesting immunoregulatory activities of androgens.[@bib233], [@bib234], [@bib235], [@bib236] The AR is likely to be a connection with many components having a significant role in the control of immune and inflammatory response and cell growth and differentiation.[@bib233], [@bib234], [@bib235], [@bib236] Epidemiological and clinical data reported elevated inflammatory biomarkers in response to androgen deficiency and reduced levels of such biomarkers by T therapy.[@bib70]^,^[@bib237], [@bib238], [@bib239], [@bib240], [@bib241], [@bib242], [@bib243] The evidence mentioned previously suggests that there is an inverse relationship between androgen concentration and proinflammatory cytokines. Androgens have anti-inflammatory effects, and androgen replacement treatment in hypogonadal men induces a considerable decrease in inflammatory cytokine levels.[@bib227]

The source of inflammatory cytokines in adipose tissues is linked to androgen actions through stimulation of lipolysis[@bib244] and inhibition of adipose tissue lipoprotein lipase activity.[@bib245] Low T levels have been found to be associated with enhanced adipocytes-derived inflammatory markers such as leptin,[@bib246]^,^[@bib247] adiponectin.[@bib104] The exogenous T suppressed serum leptin and adiponectin concentrations in young men.[@bib90]^,^[@bib248] Increases in other proinflammatory chemokines such as monocyte chemoattractant protein-1 that are essential to control monocyte/macrophage infiltration into adipose tissue could be a reason for the decrease in androgen levels.[@bib249]^,^[@bib250] Besides, the significant inverse relationship between interleukin-6 and T displays a considerable role of low visceral fat inflammation in the hypogonadism linked to MetS.[@bib251] A meaningful reverse relation between soluble interleukin-6 receptor and T was reported in 473 older males[@bib252] and between T and TNF-α and macrophage inflammatory protein 1-α levels in young males.[@bib253] Anti-inflammatory treatment with an antagonist of interleukin-1 induced an increment in T levels in obese male patients with T deficiency.[@bib254] The increased circulating and cavernosal concentrations of TNF-α, CRP, intercellular adhesion molecule-1, and monocyte chemoattractant protein-1, as well as decreased T levels in aged rats, were normalized by the TNF-α inhibitor, etanercept.[@bib255] T deficiency increased inflammation in castrated rats, which can cause ED.[@bib256]

However, the effects of T on the inflammatory markers are controversial. Bianchi et al conducted a systematic literature review to investigate the potential effect of T on the modulation of the proinflammatory cytokines secretion.[@bib257] According to this study, an inverse relationship between T level and inflammatory markers has been found among the 17 studies except one that assessed men with low T levels.[@bib257] However, a wide discrepancy has been found among the results of 18 studies that evaluated the impact of T administration on inflammatory markers.[@bib257] Exogenous T had no effect on inflammatory markers in 6 studies.[@bib257] In a previous trial, T treatment did not change levels of inflammatory markers such as interleukin-6 and CRP levels compared with placebo in men (aged ≥65 years old with an average of serum T levels \<275 ng/Dl).[@bib258] In a similar manner, supplementation of oral T undecanoate (dosage of 160 mg daily for 26 weeks) did not enhance hs-CRP levels in men (n = 237, aged 60 to 80 years).[@bib259] It has been reported that low T level and high hs-CRP levels are independent predictors of MetS.[@bib260]

Diabetic men with low T levels have impairments of metabolic profile and leukocyte-endothelium cell interaction, inflammation enhancement, and mitochondrial function, which are the harmful factors for cardiovascular events.[@bib261] Pancreatic β cells can be protected by T with the binding to the AR in these cells resulting in ameliorated insulin sensitivity. Increasing lipolysis and suppressing the following inflammation by the activation of several hormones as well as enzymes make it a potent tool for the management of obesity and T2DM.[@bib232] T leads to a reduction of adipose tissues linked to inflammation and corrects insulin sensitivity instead of primary role on a glucose disposition such as insulin and other T2DM treatments.[@bib232] TRT is commonly used in hypogonadal patients. However, it is not widely used for T2DM therapy although hypogonadal patients show many common symptoms like T2DM patients, such as insulin insensitivity, increased inflammation, obesity, reduction in muscle strength and mass.[@bib232] Moderate elevation of T concentrations with obesity involved in inflammatory factors can control glucose homeostasis via raising IR and earlier insulin secretion.[@bib262] T treatment in men with T2DM and hypogonadotropic hypogonadism increases insulin sensitivity and together decreases circulating levels of inflammation markers.[@bib263] T directly and indirectly (via growth hormone stimulation) decreases inflammation levels in adipose tissue and thus protecting the role against IR.[@bib263] The β-cell islets from AR knockout male mice have different gene expression of insulin secretion and inflammation, demonstrating a significant role of androgens in the regulation of β-cell functions.[@bib264] Therefore, androgen action in β-cell health in males with implications for T2DM development is essential.[@bib264] TRT also might benefit with regard to heart health leading to enhanced cardiac output, anti-inflammatory, and vasodilation properties.[@bib263]

Androgen deficiency might support inflammatory and immune responses inside adipose tissue by alternative mechanisms. Consequently, it is evident that T has a significant regulatory role in inflammatory response processes. Androgen replacement decreases inflammation state in men via protection by MetS progression. However, contradictory data concerning the impact of T treatment on inflammatory cytokines have emerged as a consequence of different dose, route, T therapy duration time, and features of study design. Furthermore, the conversion of T to the estrogen may interfere with the inflammatory state and cause misinterpretation of the T effects on inflammation. Further investigations that are defining the impact of T therapy are needed to elucidate the exact mechanism between androgens and the inflammatory processes.

Future Perspectives {#sec2.8}
-------------------

Androgens present either positive or negative effects on human cardiovascular health in normal and pathological conditions. In healthy men, endogenous T may be preservative in males and decrease CVD risk. However, the benefits of exogenous TRT on CVD in male patients with low levels of T remain controversial, and tangible evidence concerning the effects of T therapy on CVD-related mortality is lacking. Many studies are needed to clarify the effects of androgens on CV health and to shed light on the fundamental mechanisms in the bidirectional interplay between androgens and CMS.

Obesity is a condition of low-grade inflammation, and adipose tissue produces considerable quantities of proinflammatory markers as obesity develops. In addition, there is a bidirectional relation between levels of T and obesity as well as inflammatory markers. Estradiol-T imbalance resulting from an increase in aromatase activity by obesity is also an area that needs further studies to understand the effects of estradiol on the T homeostasis. Low T levels enhance the risk of visceral obesity, MetS and CVDs, and conversely, visceral obesity also induces low T levels. Furthermore, TRT has a favorable effect on obesity, fat mass, waist circumference, as well as cardiometabolic status.

Abnormal lipid profiles, the increment of proinflammatory markers, IR, and hypertension are widespread symptoms in males with androgen deficiency, so it is hard to separate the pathophysiology of each constituent without the consideration of these subjects in a comprehensive framework. From a clinical perspective, androgen levels add potentially predictive risk beyond obesity. Furthermore, androgen deficiency by raising visceral obesity and inducing adipocyte and endothelial dysfunction is likely to be a critical factor for the enhanced prevalence of hypertension in men. In addition, nuclear factor kappa B regulates androgen receptor expression, and its enhanced activation might lead to the development and progression of hypertension and MetS in a state of decreased AR occupation. The connection between hypertension and androgen levels is multifaceted related to chronic arterial diseases because of other common risk factors. Further studies are required to elucidate the underlying molecular mechanisms of androgen deficiency that is related to the increased risk of hypertension.

Atherosclerosis is a primary risk factor for CVDs. In epidemiological studies, an inverse correlation was shown between atherosclerosis and T levels in men, so the development of atherosclerosis can be suppressed under the physiological levels of androgens. In addition, a direct effect of T on plaque progress is likely to be mediated by the vascular ARs. Furthermore, T and long-term administration of T causes relaxations of the isolated aorta and can have a favorable effect on the blood flow of coronary arteries in men with chronic arterial disease. Therefore, men receiving or planning to start ADT with a personal or family history of CVDs might benefit from screening for various cardiovascular risks.

High-concentration T supposed to be related to the increased risk of CVD in men, but this assumption is uncertain for different reasons. Some studies investigating the association between T concentration and CVD show a different relation between T and the risk of CVD. In a meta-analysis, T is associated indirectly with CVD among men over age 70 years, which proposes that an age-related decline in T may be liable for the indirect relation between T concentration and the risk of CVD.

Some investigations have suggested that T deficiency is a potential risk factor for CVD. TRT has various outcomes on the risk of CVD based on T concentration before therapy. For example, TRT reduces the risk of CVD in hypogonadal men and raises the risk of CVD in healthy men. MetS, which is a significant risk factor for CVD, is related to T concentration. T deficiency linked to T2DM together with raised fasting glucose and fasting insulin. In men with T deficiency, TRT increases insulin sensitivity and decreases glucose and insulin and the risk of T2DM. Besides, TRT decreases obesity and promotes lean tissue mass, both of which would provide to lowering the risk of T2DM in the hypogonadal men. Thus, the "advantage" of T may be associated more with advancements in IR and altered muscle glucose metabolism than advances in CVD, particularly when considering the effect of T in hypogonadal men.

Recent studies in AR knockout animal models have enabled a more detailed description of androgen signaling, lipid metabolism, and involvement in atherosclerosis. AR knockout mice models demonstrated increased weight, plasma cholesterol, liver TG content, and disrupted glucose metabolism that was reversed by a nonaromatizable AR agonist, DHT. Consequently, the AR signal reduces atherosclerosis and improves the lipid profile as well as risk factors for CVD.

There is one interesting observation which we think should be considered during the translation of literature regarding the impact of TRT on CMS-related parameters. Also addressed in a recent review by Rastrelli et al,[@bib265] discrepancy exists between the results of meta-analyses from RCTs and observational studies regarding some of the CMS parameters.[@bib266]^,^[@bib267] While a meta-analysis of observational studies demonstrated significant improvements in almost all outcomes (fat mass, lean mass, body weight, waist circumference, BMI, fasting glycemia, HOMA-IR index, lipid profile, and systolic and diastolic blood pressure),[@bib267] there was no impact of TRT on body weight, waist circumference, BMI, blood pressure and lipid profile in a meta-analysis of RCTs.[@bib266] Possible overall explanations proposed for this discordance include the higher severity of hypogonadism and the longer follow-up periods in observational studies as compared to RCTs.[@bib265] Specifically for body weight parameters (body weight, waist circumference, and BMI), decreasing and increasing effects of TRT on fat and lean mass, respectively, may eradicate their opposite impact preventing a net change in body weight and related parameters.

Despite many investigations regarding the cardiac, metabolic, and hormonal effects of androgens, there is still a need for better understanding of precise mechanisms of androgens for improving all components of the CMS. Ongoing research might provide the knowledge required to fully understand the different responses to androgens in the CMS.
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[^1]: BP = blood pressure; HDL = high-density lipoprotein; MetS = metabolic syndromes; TG = triglycerides; T2DM = type 2 diabetes mellitus.

[^2]: DHT = dihydrotestosterone; HFD = high-fat diet; T = testosterone.

[^3]: BMI = body mass index; BW = body weight; CT = controlled trial; DBPC-RT = double-blind placebo-controlled randomized trial; HbA1c = hemoglobin A1c; HDL = high-density lipoprotein HOMA-IR = homeostatic model assessment insulin resistance; LDL = low-density lipoprotein; RCT = randomized controlled trial; T = testosterone; T2DM = type 2 diabetes mellitus; BP = blood pressure; TRT = testosterone replacement therapy; TS = testosterone supplementation; WC = waist circumference; HOMA-IR = homeostatic model assessment insulin resistance.
